Rill erosion is a serious concern in the hilly region of China with purple soil, and maize is extensively cultivated in this region. Evaluations of the dynamic mechanisms of rill erosion in sloping farmland areas are particularly important during the maize growing season to determine whether rill erosion can occur. A new ridge tillage (RT) system was designed using local agricultural methods in China. Twelve artificial rainfall experiments were conducted in three 1 × 2 m experimental plots with a slope of 15°, which is a typical slope in the study area. The rainfall intensities were designated as 1.0, 1.5, and 2.0 mm min , respectively.
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| INTRODUCTION
One of the most precarious environmental problems worldwide is soil erosion (Feng et al., 2018; Stolte, Shi, & Ritsema, 2009) . Soil erosion can negatively affect agricultural production and sustainability (Nyssen, Frankl, Zenebe, Poesen, & Deckers, 2015; Stolte et al., 2009 ). Rill erosion is the primary mechanism for sediment transportation during hillslope erosion processes (Kimaro, Poesen, Msanya, & Deckers, 2008) . Several previous studies have demonstrated that the soil erosion rate increases with rill initiation Luo, Zheng, Li, & He, 2018a) . Mutchler and Young (1975) found that greater than 80% of the sediments that erode from hillslopes are transported in rills. Meyer, Foster, and Romkens (1975) found that soil erosion doubled after rills formed in silty soil areas. Rill erosion on China's Loess Plateau contributed to more than 70% and 50% of slope erosion and total erosion, respectively (Li, Cai, & Sun, 2010) . Kimaro et al. (2008) showed that rill erosion exceeds interrill erosion and is responsible for 58% of total erosion in the mountains of East Africa on average. Furthermore, the run-off detachment and transport forces of rill erosion are greater than those of sheet erosion or splash erosion.
Sediment particles that are detached from the interrill areas and sourced from the rill-wetted perimeter are transported by rill channels.
It is necessary to analyse the detachment characteristics and hydraulic properties of rill flow in sloping farmland areas (Wu, Wang, Shen, & Wang, 2016) to ensure that effective measures for controlling soil loss are established. In recent decades, much research has focused on soil erosion types, mechanisms, and control techniques for farmland (Shen, Zheng, Wen, Han, & Hu, 2016; .
Most experimental works on rill erosion have been completely based on simulated rainfall or scouring experiments in the laboratory (Jiang et al., 2018; Qin, Zheng, Xu, Wu, & Shen, 2017; Wang, Wang, Shen, & Chen, 2016) . The goals of this study were to define the initial conditions for rilling (Xu, Zheng, Qin, Wu, & Wilson, 2017) , estimate the effects of hydrodynamic parameters on rill erosion, and develop prediction models of rill erosion. Although information about the characteristics of rill erosion (He, Sun, Gong, & Cai, 2017; Zhang, Tang, Yao, Zhang, & Xizhi, 2016) (Chen, Huang, Zhao, Mo, & Mi, 2015; De Vente & Poesen, 2005) .
Ridge tillage (RT), as an agricultural measure, has been widely adopted around the world. RT has distinctive advantages, such as increasing the soil temperature, decreasing the required labour, and enhancing the soil depth (Luo, Zheng, Li, & He, 2017) . However, the impact of RT on soil erosion remains controversial. Some research has indicated that RT can reduce soil and water loss (Zhang, Zhao, Wang, & Wu, 2014) . However, other studies have suggested that RT may even accelerate soil erosion (Liu, Shi, Yu, & Zhang, 2014; Luo et al., 2017) .
It is well known that vegetation helps to prevent soil erosion. Vegetation is often used to protect the soil surface from splash erosion and run-off detachment (Bochet & García-Fayos, 2004) , resulting in the retardation of flow. Overall, as the vegetation cover on the Loess Plateau has become more abundant, soil erosion has decreased (Pan, Shangguan, & Lei, 2006; Yu, Li, Pei, & Li, 2012) .
Purple soil is mainly found in the Sichuan Basin of Southwest China, which is a major grain production area (Lin, Tu, Huang, & Chen, 2009; Stolte et al., 2009 ). Purple soil is characterized by lithologic soils without distinct pedogenic horizons and is regarded as a typical erodible soil due to the poor permeability of the underlying soil layer (Luo, Zheng, Li, & He, 2018b) . Soil erosion has increased in sloping farmland areas due to intensive farming and socio-economic pressures (Stolte et al., 2009 ). Some of the most severely eroded areas in the upper Yangtze River basin are the hilly areas of purple soil, and this erosion directly and negatively impacts land productivity and increases ecological pollution (Peng, Shi, Jiang, Wang, & Li, 2014 Figure 1 ). The soil type in the area is purple soil (clay loam soil) that is classified as an entisol (Soil Survey Staff, 2003) . This experimental area has a subtropical monsoon climate. The average annual rainfall is 980 mm, and this total is mainly concentrated in summer.
The physical and chemical properties of the soil are listed in Table 1 .
| Research design
Experimental plots of size 2 × 1 m and slope of 15°were designed. RT, as is traditionally used in the local purple soil area, was applied. RT is horizontal tillage in the direction that is perpendicular to the slope, with a ridge height of 15 cm and a ridge distance of 40 cm. In this study, Zhenghong 6 maize was used, and it was sown on 5 April 2016. Tillage management of the crop was performed consistently by local methods, and the growth stages of maize included the seedling stage, jointing stage, tasseling stage, and mature stage. The row and plant spacing distances were 90 and 25 cm, respectively, as is customary for the area.
Artificial rainfall experiments were conducted at the Soil Erosion
Research Laboratory of Sichuan Agricultural University. The rainfall simulator, which included two spray nozzles (V-80100), could be set to any selected rainfall intensity ranging from 0.5 to 3.0 mm min
The rainfall simulator was 7 m above the ground, and the effective area of rainfall was 48 m 2 ( Figure 2 ). According to the rainfall frequency and hydrological data records from the study area in recent years, three rainfall intensities were established: 1.0, 1.5, and 2.0 mm/min. Before rainfall, the repacked soil was subjected to prerain with a 30 mm h −1 rainfall intensity, and the duration of this prerain period was 10 min. The formation of a drop pit signified the initiation of rill erosion (He, Li, Jia, Gong, & Cai, 2014) . The duration of rainfall simulations was 45 min after drop pit occurrence according to the actual rainfall characteristics in the study area. All experiments were repeated three times.
| Experimental measurements 2.3.1 | Vegetation coverage and leaf area index
Vegetation coverage was measured by a digital photography method.
The specific formula is as follows (Ma, Li, & Ma, 2015) :
where A L is the leaf area of a single plant, m 2 ; L i is the length of maize leaves, m; W i is the width of maize leaves, m; and k is a correction coefficient and is set to 0.75. In addition, n is the total number of plant leaves; LAI is the leaf area index; A Lj is the total leaf area of the jth maize plant, m 2 ; ρ is the density of maize, plant m −2 ; and m is the number of single maize plants. The LAI values of different growth stages are listed in Table 2 .
| Run-off and sediment yield
The run-off generation time, drop pit occurrence time, rill occurrence time, and duration of rainfall were recorded. For each experiment, 20-L buckets were used to collect run-off samples, and the samples were measured at 3-min intervals during the rainfall period after drop pit occurrence. These samples were accurately measured and then dried at 105°C in an oven to determine the sediment yield (Luo et al., 2018a) .
| Rill flow velocity and depth
The rill flow velocity and depth were measured at five sections along the slope (0.5, 1.0, 1.5, and 2 m) of the experiment plot during the rainfall process. The flow velocity was determined using KMnO 4 as a tracer. The flow depth was measured vertically on the upper, middle, and lower slopes using a thin ruler with a precision of 0.1 mm. 
| Hydrodynamic parameters
The Reynolds number (Re) was calculated as follows :
where u is the average flow velocity (m s ); and t is the temperature (°C).
The Froude number (Fr) was calculated as follows :
where g is gravitational acceleration (m s −2 ).
Manning's roughness (n) was calculated as follows (Li, Liang, Zhang, & Zhao, 2017) :
where J is the surface slope (m m −1 ).
The Darcy-Weisbach resistance coefficient ( f ) was calculated as follows .
The flow shear stress (τ) was calculated as follows :
where γ is the weight density of water (N m −3
).
The stream power (ω) was calculated as follows (Lin et al., 2017) :
where q is the discharge per unit width (m 3 s
−1
| Data analysis
A statistical analysis of the data was conducted using SPSS 22.0. Multiple comparisons were made using Fisher's least significant difference test. Differences were considered significant at a p value of 0.05.
Graphical analysis was performed using Origin 8.3. FIGURE 3 Average flow velocity and flow depth of rill erosion for different rainfall intensities and growth periods of maize advanced at 1.0 and 1.5 mm min −1 rainfall intensities. Specifically, the flow depth reached a minimum in the tasseling stage at a 2.0 mm min −1 rainfall intensity. Differences in the structure of the maize canopy during each growth stage could be responsible for this effect.
| Rill flow patterns and resistance coefficient
The rill flow patterns were divided into six classes based on Re and Fr (Figure 4) . The subcritical laminar flow class was defined as Re < 500
and Fr < 1. The subcritical transition flow class was defined as 500 < Re < 5,000 and Fr < 1. The subcritical turbulent flow class was defined as Re > 5,000 and Fr < 1. The supercritical laminar flow class was defined as Re < 500 and Fr > 1. The supercritical transition flow class was defined as 500 < Re < 5,000 and Fr > 1. The supercritical turbulent flow class was defined as Re > 500 and Fr > 1 . Notably, the sediment yield rate displayed fluctuations with the rainfall duration, and the yield rate in the seedling stage was higher than that in the other stages (Figure 10 ).
| Sediment yield

| Relationship between run-off and sediment
The following linear equation describes the relationship between the sediment yield and run-off rate, which can be characterized as the ability of run-off to detach and transport sediment.
where S r is the sediment yield rate (g min
), Rr is the run-off rate (mL m −2 m −1 ), and a and b are coefficients.
According to Figure 11 , the absolute values of a increased with increasing rainfall intensity during the entire life cycle of maize. Under the conditions of 1.0 and 1.5 mm min −1 , the absolute values of a decreased followed by an increase during the continuous growth stages of maize; however, these values gradually decreased at a 2.0 mm min −1 rainfall intensity. In general, more run-off was required to initiate soil erosion during the jointing and tasseling stages.
| Modelling soil loss based on hydrodynamic parameters
To analyse the effects of hydraulic parameters on the sediment yield rate, the relationships between the sediment yield rate and hydraulic 
S r ¼ 0:182 τ-8:464 R 2 ¼ 0:738; n ¼ 24 ;
FIGURE 11 Run-off-sediment linear relationship for each simulated rainfall event. Grouped by rainfall intensity and growth stage of maize ity; on the other hand, it changes the effective erosion capacity of runoff. In this experiment, the Darcy-Weisbach resistance coefficient was much higher than those reported in the results of other researchers (Palmeri, Pampalone, Di Stefano, Nicosia, & Ferro, 2018; . This difference is likely because the flow resistance of vegetation-covered slopes is mainly associated with boundary resistance, soil particle resistance, and resistance caused by flow through vegetation. In the different growth stages of maize, the resistance to run-off is highly variable. In the seedling stage, the microtopography is wavy due to artificial ridging with little vegetation cover (Luo et al., 2017) , and the resistance to run-off is mainly soil particle resistance. As the growth stags of maize advance, the resistance to run-off is mainly related to vegetation coverage.
| Rill erosion process on cultivated slopes in different maize growth stages
Previous research found that rill erosion directly resulted in soil loss increases of several-fold compared with those caused by sheet erosion (Luo et al., 2018a) . Rill erosion occurs when the shear stress of the concentrated flow is greater than the critical shear stress of the soil surface (Lei, Zhang, Yan, Zhao, & Pan, 2008) . The rill erosion on crop growth slopes is complex, and crop growth directly affects the rill erosion process. Our study showed that rill erosion in different growth stages can rapidly increase run-off and the sediment yield.
Moreover, the seedling stage was more erosion prone than the other stages at the same rainfall intensity. One of the most important factors that influences soil erosion on sloping farmland is vegetation cover. The height of maize was low (h = 0.44 m) in the seedling stage, and the leaf area index was also low (LAI = 0.15). Moreover, the interception capacity of the maize canopy was limited, and the ridge-furrow system led to more serious soil erosion. The losses of soil and water led to the degradation of soil and water resources (Wang et al., 2012) . Rainfall was divided into canopy interception, stem flow, and soil infiltration (Lin et al., 2011) . Variations in throughfall led to fluctuations in run-off and sediment production.
The roots of maize were important for slope stability. According to Gyssels, Poesen, Bochet, and Li (2005) , which was significantly higher than that in the other stages. A linear relationship between the sediment yield rate and run-off rate was well described at the hillslope scale, and more run-off was required for initial soil erosion in the jointing and tasseling stages. found that the sediment yield rate in a 35% cover grass plot was 3.98 g m −2 min −1 . Our result is higher than this value, potentially because maize is taller than grass and due to strong splash erosion effects. The maize mainly contributed to soil conservation by reducing the sediment carrying capacity of run-off. Our result is consistent with those of other studies (Puigdefábregas, 2005; Zhang, Wang, Bai, & Lv, 2015) .
| Factors that influence rill erosion
Many factors, such as rainfall, run-off, the soil, the microtopography, vegetation, and the tillage system, are important in rill development and influence the sediment yield (Jiang et al., 2018; Luo et al., 2018b) . Run-off and soil directly control rill erosion. Other factors may indirectly control rill erosion by increasing or decreasing the effects of direct factors Wirtz, Seeger, & Ries, 2012) . The effects of the rainfall intensity were determined based on the LAI of maize. A high LAI may result in greater rainwater infiltration over a longer period of interrill erosion relative to that for rill erosion. In this study, the rainfall intensity was significantly and positively correlated with run-off. The rainfall infiltration and total quantity increased with the rainfall intensity. Moreover, the soil surface was more conductive to the formation of a physical crust at higher intensities. This crust decreased water infiltration and further increased surface run-off and sediment transport. The effects of hydrodynamic parameters on the sediment yield can be ordered as follows: Re > ω > Fr > τ. Soil erosion models were established based on hydrodynamic parameters, and the results indicated that the Reynolds number, Froude number, shear stress, and stream power were significantly correlated with sediment yield rate. The soil conservation capacity of a contour ridge increases as the rainfall duration increases (Liu, Shi, et al., 2014) . During the interrill period, soil erosion mainly includes the generation of run-off and sediment from the rows of sides slopes and run-off accumulation in the furrow; therefore, little sediment is transported out of the ridge systems (Liu, Zhang, An, & Wu, 2014) . The rill erosion duration, which is influenced by the soil strength and erosive power of the concentrated flow, was obviously shorter than that of interrill erosion. In the rill erosion process, when a rill cuts through the rows on side slopes, contour failure will occur within a few minutes. An increase in the rainfall intensity will shorten the duration of contour failure because more rainwater accumulation in furrows can accelerate this process (Luo et al., 2017) .
| CONCLUSIONS
Rainfall simulation experiments were conducted to evaluate the 
